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ABSTRACT 
Explosives and drugs cause problems in society when used inappropriately. It is highly 
desired to detect these chemicals in a quick and reliable way with low cost. Vapor detection 
of explosives and drugs has been proven to be one of the most effective, practical, and 
noninvasive methods. Among all the methods developed so far, highly sensitive carbon 
nanotube-based (CNT-based) chemiresistive sensors remain promising. In this dissertation, 
we explored and developed three CNT-based sensors for the explosive and drug detection. 
In this dissertation, we proposed that the dominant mechanism of our oligomer-coated 
CNT-based sensors is due to the swelling of the oligomers. Based on this swelling 
mechanism, we have designed three oligomers or polymers functionalized CNT-based 
sensors for the detection of nitro-explosives, alkanes (related with ammonium nitrate/fuel 
oil), and amines (related with methamphetamine), respectively.  
Beyond the high sensitivity to the target analytes, the selectivity of the sensors was 
largely enhanced by the careful selection of oligomers and polymers. The three oligomers 
and polymers under investigation can enhance the interaction between the sensor and the 
analyte, and facilitate the dispersion of CNTs in a solution. For the detection of nitro-
explosives, we chose an oligomer that had been successfully demonstrated as a 
fluorescence-based nitro-explosive sensing materials. For the detection of alkanes and 
amines, we introduced the alkane side chains and carboxylic acid functional groups in the 
polymer.  
iv 
This dissertation demonstrated three examples of oligomer or polymer 
functionalization CNT-based sensors for the detection of explosives and drugs. Meanwhile, 
the dominant mechanism of the sensors was proposed. This research paved ways for 
developing chemical vapor sensors with better sensitivity and selectivity in the future. 
To my family and friends 
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Due to the increased number of terrorism incidents in recent decades (Figure 1.1), 
explosives (particularly homemade) are considered one of the major threats to society, as 
well as one of the key problems in the 21st century. Between the years 2011 and 2015, 
there were 57,201 terrorism incidents worldwide and more than half of the incidents used 
explosives as a weapon (Figure 1.2) (1). Hidden explosives not only pose a threat to lives 
in war zones, but also to the public safety worldwide. Some recent terrorist attacks 
involving explosives include the 2005 London underground bombings (2), the 2013 Boston 
Marathon bombings (3), and the 2016 Brussels bombings (4). Thus, rapid detection of 
those hidden explosives, especially in vapor phase, is critical for defending lives against 
potential terrorist attacks.  
While the negative effects of terrorism attacks are often obvious and immediate, illicit 
drug use gives long-term negative consequences to both drug abusers and their family (5). 
These negative social consequences of drug abuse include drug-related crimes, disease 
transmission, child abuse, and environmental damage. Meanwhile, drug use and abuse may 
lead to prolonged hospital stays and a great loss of productivity. However, the amount of 
drug usage is large and continues to increase. According to the results from the 2015 
National Survey on Drug Use and Health (6), 1 in 10 individuals 12 years or older in the 
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United States have used illicit drugs in the past month from the time of the survey. Among 
them, 18.9% were under 18 years old. Thereby, a drug sensor is desired for preventing first 
time use of those drugs, preventing drug transportation, as well as helping detect 
clandestine drugs synthesis in places like homes and vehicles.  
This dissertation includes the detection of nitro-explosives (such as trinitrotoluene and 
dinitrotoluene) and improvised explosives made of ammonium nitrate-fuel oil mixture. For 
the illicit drug detection, this dissertation focuses on the powerful and wide-spread drug, 
methamphetamine.  
The introduction of the dissertation covers several instrumental methods and some 
emerging techniques for vapor detections of explosives and drugs. The instrumental 
methods include Ion Mobility Spectrometry (IMS) (7), Gas Chromatography/Mass 
Spectrometry (GC/MS) (8), and Fourier Transform Infrared Spectroscopy (FTIR) (9). They 
are usually accurate and precise. However, these instruments are often bulky and expensive, 
and require specific trainings for operations and maintenance. Emerging techniques, on the 
other hand, are usually cost effective, small in size, and easy to operate. However, most of 
these methods are still facing challenges in commercialization and dealing with the 
complex real-world environment. 
 
1.1 Instrumental Methods for Vapor Detections of  
Explosives and Drugs 
This section of the dissertation introduces several instrumental methods commonly 
used in vapor detections of explosives and drugs, and focuses on the progress of their 




1.1.1 Gas Chromatography/Mass Spectrometry 
Gas Chromatography/Mass Spectrometry (GC/MS) is considered the “gold standard” 
for chemical detections and identifications (10) since there are rarely two chemicals 
showing identical behavior in both GC and MS. There are two parts in GC/MS, the gas 
chromatograph and the mass spectrometer (11). The GC part utilizes a capillary column to 
separate different components in a mixture due to the different mobility of each component. 
MS is another analytical instrument connected to the GC, which further separates and 
identifies chemicals. MS works through ionizing the molecules and identifying the 
molecules by their mass to charge ratios. The combination of GC and MS greatly enhances 
the capability of the detection.  
GUARDION from Smith detection is one of the most portable and commercially 
available versions of GC/MS in the world. The weight of the whole instrument is 14.6 kg, 
significantly lighter than the normal bench-top GC/MS instruments. But it is still too heavy 
for certain situations. The time for each single analysis of GUARDION is about 3 min, 
while the test from normal GC/MS usually takes hours to complete. The disadvantage of a 
miniaturization is that it may compromise some of the high performance of GC/MS, like 
sensitivity. 
 
1.1.2 Ion Mobility Spectrometry 
Ion Mobility Spectrometry (IMS) has been widely used for detections of explosives 
and drugs for military or security purposes (12-15). There are more than 10,000 IMS 
instruments worldwide in airports and more than 50,000 IMS instruments in the U.S. Army 
(15). Their popularity is mainly due to their high portability along with their high sensitivity, 
fast response, low-power consumption, and simplicity of operation. For example, the 
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commercially available and portable IMS not only has high sensitivity, but can also run 
each test in a few seconds with four AA batteries.  
In IMS, vapor phased samples are ionized and their mobility spectra in a drift tube can 
be measured (16). Then, the mobility spectra of the samples are compared with the known 
mobility spectra of threat compounds. If they match, the alarm condition will be triggered 
in the IMS device. The disadvantages of IMS devices are the high false positive ratio from 
the complex spectra of some widespread ionizations, and the difficulties of detecting some 
low ionization potential chemicals. Meanwhile, depletion of some low vapor pressure 
chemicals (such as RDX and PETN) occurs rapidly and it will be very difficult to reproduce 
some of the testing results (17). 
 
1.1.3 Fourier-Transform Infrared Spectroscopy 
Fourier-Transform Infrared Spectroscopy (FTIR) is another method for vapor 
detections of explosives and drugs. FTIR measures the infrared light absorption of the 
sample. It measures each wavelength simultaneously and uses the Fourier transform 
algorithm to process the sensing data (18). FTIR is commonly used for the identification 
of chemicals in solid and liquid phases (9). But now, it is also used for field detections of 
vapors. Some portable FTIR gas and vapor detector systems have a database storing the 
absorption fingerprints of target chemicals, such as nerve agents, toxic industrial chemicals, 
and explosives. Once the sample chemical is measured, the absorption fingerprints will be 
compared with the fingerprints in the database to see if the sample’s fingerprints match any 
of them. In the portable system, there is usually a sample collection device which collect 




1.2 Emerging Vapor Sensing Methods for the Detection of  
Explosives and Drugs 
1.2.1 Fluorometric Sensors 
Fluorometric sensors are based on the fluorescence quenching or fluorescence 
enhancement of the sensing materials (19-22). The mechanism usually involves the 
matching of the molecular orbitals (MO) between the sensing materials and the analytes, 
which makes the photo-induced electron transfer (PET) possible. In addition, the sensing 
signals can be amplified from the fact that the excitons diffuse along conjugated sensing 
nanomaterials (23).  
Organic molecules or polymers have interesting optical properties that are suitable for 
the purpose of vapor detection, and they have a wide variety of options for molecular 
structure and functional group modifications for enhancing their selectivity. Thus, they are 
good candidates for fluorometric sensors. Conjugated polymers were demonstrated as 
sensing materials for nitro-related explosives in 1995 in Timothy M. Swager’s group (24). 
The fluorescence of the sensing materials will be quenched by the electro-withdrawing 
nitro-explosives, and thus the nitro-explosives can be detected (25). The amplification 
mechanism in the conjugated polymer is based on an energy migration scheme, in which 
excitons diffuse along the conjugated polymer chain. When one analyte molecule sticks on 
one site of the polymer chain, the whole conjugation polymer chain will be quenched. For 
example, poly(phenylene ethynylene) and its related structures were synthesized and tested 
for the explosive sensing (26-27). Those polymers are usually made as a thin film on a 
substrate with an optimized thickness. Related molecular structures with different sterically 
demanding moieties (such as pentiptycene groups) (28) were demonstrated to enhance the 
diffusion of vapors into the porous thin film, and then improve the sensitivity of the sensor. 
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A commercialized trace explosive detector named Fido (29) was developed based on the 
conjugated fluorescent polymers. The detector is ultra-lightweight (less than 1.5 lb), fast 
(detect in several seconds), and super sensitive to a broad range of explosives. 
Another example of conjugated polymers used in sensing nitro-related explosives are 
those Si-containing polymers and metallole-containing polymers (30-33). In 2011, one of 
the conjugated polymers were combined photonic crystals (PC) as a TNT vapor sensor (34). 
The enhancement of fluorescence quenching was achieved by the photonic effect and the 
large surface area of the PC with an inverse opal structure. 
Besides conjugated polymers, there are many other materials (35-36) that can be used 
as fluorometric sensors. The organic nanofibril based on self-assembled alkoxycarbonyl-
substituted carbazole-cornered tetracycle was developed as the sensing materials for vapor 
of detections of TNT in 2007 (38). Another organic nanofibril based on self-assembled 
linear carbozole trimers was developed as sensing materials for vapor detections of TNT 
in 2010 (39). Metal-organic frameworks (MOF) were reported as the sensing materials in 
a nitro-explosive sensor in 2013, using triphenylene-2,6,10-tricarboxylate and Tb3+ as the 
building blocks (37). The MOFs were stable up to 500 °C and have shown selective sensing 
for different nitroaromatic explosives. 
Sensors for amine-related drugs, such as n-methamphetamine (NMPA) and ketamine, 
have often been seen as fluorescence enhancement sensors due to the electro-donating 
properties of the amine-related drugs. This fluorescence enhancement phenomenon was 
demonstrated in a copolymer sensor based on benzothiadiazole (40), and a polymer thin 





1.2.2 Colorimetric Sensors 
Colorimetric sensors are based on the absorption changes of the sensing materials in 
the visible range. Compared with fluorescence sensors, colorimetric sensors do not require 
excitation light. The pH test strip is a good example of a colorimetric sensor, which is very 
simple and convenient to use. Researchers have developed a lot of colorimetric sensors, 
and their mechanisms range from aggregation induced color change of sensing materials 
to chemical reactions between the sensing materials and the analyte (42-44). However, 
most of the colorimetric sensors reported are testing liquid samples (45-48).  There are only 
a few reports that are testing vapor samples and usually require optical enhancement 
component like waveguide micro-ring resonators or fiber Bragg structures to amplify the 
sensing signal. 
 
1.2.3 Chemiresistive Sensors 
Chemiresistive sensors are good for applications that require high portability, large 
covering area, and contineouse testing due to their simplicity. The candidate materials for 
making a chemiresisitve sensor include: metal-oxide nanomaterials (49-51), carbon 
black\polymer (52), self-assembled PTCDI nanowires (53-54), and other semiconductor 
materials (55-57).  
The technology of metal-oxide chemical sensors is matured and has been successfully 
commercialized. It was first studied in 1962 in Japan with zinc oxide thin films (58). After 
that study, many new metal-oxides and doped metal-oxides have been studied and 
developed as sensing materials. The morphologies of the materials vary from 0-
dimensional nano-particles to two-dimensional (2D) thin films. The sensing mechanism is 
highly depended on the surface interaction between the sensing materials and the analytes. 
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The O- on the sensor’s surface is believed to play a vital role in the whole sensing process, 
which has the best working temperature at 300 °C to 450 °C. The performances of the 
sensors are affected by their microstructures, materials components, surface-modification 
as well as their operational temperatures. In 2012, an “electronic nose” was developed for 
the detection of explosives (TNT, PETN, and RDX) using 12 commercially available 
metal-oxide sensors (51).  
Chemiresistive sensors based on carbon-black/polymers have been extensively studied 
in the 1990s in N. S. Lewis’ group from California Institute of Technology. These 
chemiresistive sensors are based on the swelling of the polymer matrix when exposed to 
the analytes; and the swelling of the polymer matrix will loosen the conducting network of 
carbon black, and decrease conductivity (52). A sensor array made of carbon-black with 
different polymers was evaluated as an “electronic nose” for distinguishing different 
analytes in Lewis’ group. 
Another kind of chemiresistive sensors are the sensors based on organic one-
dementional (1D) materials with enhanced conductivity through the intra-molecular charge 
transfer in the materials. The charge transfer was enabled by the electron donor-accept (D-
A) systems in the molecules of the nanofiber. In 2010, nanoribbons made of perylene 
tetracarboxylic diimide (PTCDI) backbones with different side chains were used for the 
detection of nitro-explosives (54). The sensor showed sensitive responses to the vapors of 
nitromethane and other nitro-explosives, whereas there was no significant response 
towards the vapors of aniline, ethanol, acetone, and acetonitrile. Vaporsens (59), a 
University of Utah spinoff in Salt Lake City was founded in 2011 and has been working 
on these vapor sensors.  
Other sensing materials include gold nanoparticles (57), carbon nanotubes (which will 
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be discussed in detail later), 2D materials such as graphene (60) and MoS2 (61). They all 
share the same advantages such as simple operations and low costs.  
 
1.2.4 Others 
Other sensors that have been commercialized or have shown great potential for 
commercialization include sensors based on capacity measurements (62), micro-electro-
mechanical system (MEMS) (62-63), surface acoustic wave (SAW) measurements (64), 
and the electrochemical sensors (22). There are two types of those sensors, one is the sensor 
designed with no surface modifications, the other one is the sensor designed with surface 
modifications. Sensors designed with no surface modifications rely on the physical 
properties of analytes for their sensing purpose. For example, a MEMS sensor array (65) 
for the detection of explosive particles works by heating the silicon beam to the melting 
temperature of a target analyte, and the heat absorption of the analyte was measured at that 
temperature. This sensor can detect TNT and RDX samples down to 1 µg. Sensors with 
surface modifications have a layer of molecules that can enhance the interaction between 
the sensor and the analyte. For example, sensor platforms based on AFM cantilevers coated 
with a layer of APhS (trimethoxyphenylsilane) molecules were developed, which were able 
to detect TNT vapors as low as at part-per-trillion (ppt) levels. (62). The APhS layer 
facilitates the surface absorption of TNT on that surface. 
 
1.3 Motivations of CNT-based Sensors for Vapor Detections of 
Explosives and Drugs 
Although there are many vapor sensors commercially available and have shown 
successful applications in many area, every sensor has its drawbacks at some point. For 
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example, the fluorescence-based sensors suffer from complex and space-demanding 
optical components which illuminate the sensor. Chemical reaction-based colorimetric 
sensors usually show limited sensitivity to vapors. This is probably due to the fact that most 
of the chemical reactions happen only in solutions, or only in high concentrations of vapors.  
Chemiresitive sensors based on CNTs, graphene (67-68), and MoS2 (69) are attractive 
candidates since they do not require illuminations and have shown great sensitivities to 
vapors. Among them, CNTs have several advantages superior to the 2D materials (such as 
graphene and MoS2) (70). First, the conductivity of a CNT can be completely “turned-off” 
by an absorbed molecule on one site the surface, since the penetration depth of the absorbed 
molecule’s influence on the electrical property of the CNT may exceed the entire diameter 
of the CNT. However, for 2D materials, this direct “turn-off” is difficult to realize with one 
attached molecule. Second, the bandgaps of CNT can be selected by the choice of their 
diameters. In comparison, some 2D materials, such as graphene, are zero bandgap 
semiconductors, meaning that the conductivity of these materials is difficult to switch off. 
CNT-based chemiresisitve sensors have other unique advantages: first of all, the 
surface of CNTs can be chemically functionalized to afford specific bindings with certain 
analytes. CNTs are like the “playground” for all kinds of nano-sized reactions and 
interactions. Second, after so many years of intense study of CNTs, the growth and 
purification methods are well developed. Third, new techniques of CNT dispersion and 
manipulation, such as CNT ink and CNT alignment, was discovered. With all those 
advantages of CNTs, it is highly promising to make a new generation of low-cost, portable, 





1.4 Basics of Carbon Nanotubes 
Carbon nanotubes have been officially discovered by Sumio Iijima in 1991 (71). That 
paper about this discovery has been cited over 40,000 times. In that paper, the structure of 
a multiwalled CNT was characterized using a high-resolution transmission electron 
microscopy (HRTEM). In 1993, the first single-walled carbon nanotubes (SWCNT) (72) 
was discovered by the same research group. Before Iijima’s discovery, there were reports 
about observing tubular structures of carbon via electron microscopy, as well as theoretical 
calculations predicting the properties of CNTs. However, these earlier works did not attract 
the broad attention as today at that time. With the rapid development of nanotechnologies 
(73), CNTs have attracted much more attention in the past decades, largely driven by their 
unique properties and great potential for applications in optoelectronics devices, including 
chemical sensors.  
 
1.4.1 Structure and Electrical Properties 
CNTs represent the 1D nanomaterials in the family of fullerene (graphene as the 2D 
nanomaterials and bukyminsterfullorene/C60 as the zero-dimentional nanomaterials). A 
single-walled carbon nanotube can be seen as rolling a layer of graphene into a tube. The 
geometry of a CNT can be fully represented by the direction of rolling represented in terms 
of a chiral vector C (C = na1 + ma2), a1, a2 are unit vectors of graphene. We can use the 
two integers n and m to fully represent the geometry of the CNT. The diameter of a CNT 
can be calculated with the equation shown below (74):  𝑑 = #$$ %('(	*'+	*	+()- = 	 .-                                           (1.1) 
where acc is the carbon-to-carbon bond length, C is the length of the chiral vector.  
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The chiral angle θ is defined as the angle between C and a1. (Figure 1.3) There are two 
special structures, one is the zigzag (m=0), the other is the armchair (n=m). The electric 
properties of CNTs are significantly related with m and n. When |n-m| =3q (q is an integer), 
the nanotube is metallic or semimetallic. Otherwise, the nanotube is semiconducting. CNTs 
also exists as single-walled CNTs and multiwalled CNTs.  
 
1.4.2 Carbon Nanotube Growth Methods 
The performances of CNT-based sensors depend on the structure and the quality 
(purity, amount of metal catalyst residuals, and the amounts of defects) of the CNTs used 
in that study, which are affected by their growth methods. Although postsynthesis 
processes help improve the quality of CNTs, a good fabrication method will save a lot of 
time and effort for achieving good quality CNTs.  
Commonly seen growth methods are Arc Discharge (76-77), Laser Ablation (78-79), 
and Gas Phase Process (80-81). Arc Discharge and Laser Ablation methods produce the 
highest quality of CNTs in terms of the number of defects. However, these methods either 
involve an electrical discharge from carbon-based electrodes or involve expensive high-
energy lasers to interact with the graphite source, and their yields are low and their impurity 
amounts are high. Gas Phase Process, also known as the Chemical Vapor Deposition 
method is a popular method. It utilizes a hot furnace, a carbon source in gas phase (such 
as, CO, methane, and benzene), and substrates with metal catalysts. The yield is high with 
fewer impurities in the product, thus, it’s suitable for large-scale productions of CNTs. The 
high-pressure carbon monoxide method (HiPCO) developed in Rice University was one of 
the most widely used method for the synthesis of high purity, and small-diameter SWCNT 
and has shown great commercial success. 
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1.4.3 Dispersion Enhancement Methods 
CNT dispersion means de-bundle and stabilize CNTs in a solution, while CNTs usually 
cluster together and precipitate in most solutions. In addition, some dispersion methods can 
selectively disperse CNTs with certain chiralities, and can separate impurities from the 
growing process of CNTs. The majority of CNT dispersion methods that have been 
developed, rely on functionalizations of CNTs. Those methods can be classified into two 
categories, one is covalent functionalization-related methods and the other is noncovalent 
functionalization-related method. Noncovalent functionalization-related methods will not 
disturb the structure of the nanotube, and will not cause changes in the electrical properties 
of CNTs. These methods were usually developed by using surfactant (82-83) (such as 
sodium dodecyl sulfate), conjugated oligomers (84), conjugated polymers (85-86) (P3HT 
derivatives), small molecules (87) (azobenzene derivative), and single-stranded DNA 
(ssDNA) (88).  
The dispersion of CNTs can be characterized by their absorption spectra, 
photoluminescence excitation (PLE) spectroscopy, and Raman spectroscopy. Absorption 
spectra and PLE are used to identify the species of CNTs. The Raman spectroscopy is used 
for identifying the defects of CNTs, and the radial breathing mode (RBM) of a Raman 
spectroscopy can be used for indicating the surface interaction between the 
functionalization molecule and the CNT (89). For example, an up-shift in the RBM was 
observed for the oligomer (mPE-13mer) functionalized CNTs compared with the as-
received CNTs in the study reported by Zang’s group (84). 
Noncovalent functionalization-related methods were usually using molecules that have 
one part of them (such as the backbone of the polymer and the nucleobase of the DNA) 
strongly react (pi-pi stacking or van der Waals interaction) with CNTs, and having another 
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part of the molecule (such as the functional group in DNA or the sided chain in a polymer) 
strongly react with the solution, which is similar with the commonly known mechanism of 
a surfactant (90). Subtle changes of the dispersion molecules, such as weight, backbone 
rigidity, the side chains (74, 85, 91-92), and changes of the dispersion environment (85) 
can often lead to dramatic differences in the dispersion results.  
 
1.5 Carbon Nanotube Sensors for Vapor Detections of  
Explosives and Drugs 
1.5.1 Intrinsic Carbon Nanotube Sensors 
In 2000, two similar reports (94-95) in the same volume of Science magazine 
demonstrated for the first time, that an as-grown CNT can be used in chemical sensors. 
They observed that the conductance of a single-walled carbon nanotube (SWCNT) 
increased when exposed to NO2 (2 to 200 ppm) and decreased when exposed to NH3 (0.1 
to 1%). Although there are still debates on the mechanisms of the intrinsic sensors, the 
mechanisms were usually explained by the charge transfer between the analyte and the p-
type SWCNT (96). In the charge transfer mechanism, NO2 has an unpaired electron and is 
known an electron-withdrawer and NH3 has a long electron pair and is known as an 
electron-donator. In order to control the alignment of CNTs in the device, a SWCNT sensor 
(97) was fabricated from transferring a SWCNT “forest” grown with chemical vapor 
deposition (CVD) to a fabric substrate. The sensor with aligned CNTs showed a detection 
limit of 8 ppb to TNT molecules and 40 ppb to NO2 molecules.  
One challenge of intrinsic CNT sensors is that their conductivities are usually difficult 
to recover after the exposure to analytes. In the report from Kong and her coauthors (94), 
the sensor was able to recover under the ambient condition or by heating at high 
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temperatures. Another report in 2001 (98) found that upon ultraviolet (UV) illumination, 
the conductivity of a SWCNT sensor quickly recovered to the conductance level before the 
exposure. They suggested that this desorption process is not due to a thermal process, but 
due to the photo excited plasmon in SWCNTs. In 2012, an intrinsic sensor was reported 
(99) by using in situ UV light illuminations to enhance the performance of the sensor by 
orders of magnitude. The detection limit obtained for NO2 was 590 ppq (parts-per-
quadrillion). 
 
1.5.2 Covalently Functionalized Carbon Nanotube Sensors 
Covalent functionalizations happen at the end of the nanotube, defect sites of the 
nanotube, as well as the side-wall of the nanotube. Early research on covalent 
functionalization of CNTs has benefited from the relatively well-developed covalent 
surface chemistry of fullerenes at that time. These functionalization methods include 
fluorination, ozonolysis, organic functionalization, and osmylation (100-101). Raman and 
FTIR spectroscopy can be used for verifying covalent functionalizations and identifying 
the functional groups introduced in the functionalizations (102-103).  
In 2010, a sensor array (104) was made of convalently functionalized CNTs to 
selectively detect common VOCs. The selective recognition groups were covalently added 
into the CNT via zwitterionic and post-transformation synthesis procedures. The selectors 
were able to increase the interaction between the CNTs and the analytes through hydrogen 
bondings, induction intermolecular forces (also known as polarization), and dispersion 
intermolecular forces (also known as London force).  In 2012, another sensor array (105) 
was made of CNTs covalently functionalized with functional groups containing selector 
unites for the detection of cyclohexanone and nitromethane explosives. The sensor array 
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showed sensitivity to part-per-million (ppm) levels of those explosive analytes and showed 
a clear response to the analytes after standing in ambient for 8 months after fabrication. 
The good stability of covalent functionalized CNT sensors is an advantage comparing with 
noncovalently functionalized CNT sensors.  
 
1.5.3 Noncovalently Functionalized Carbon Nanotube Sensors 
Noncovalent functionalizations use a wide variety of materials, including biomolecules 
(such as DNA (106-107), peptides (108), antibodies (109)), polymers (110-116), oligomers 
(117), organic small molecules (118-120), self-assembled monolayers of organic 
molecules (121), inorganic nonmetal nanoparticles (122), as well as metal nanoparticles 
(114).  
Biomolecules often provide a specific binding site for an analyte. For example, in 2010, 
a CNT-based immune-sensor (109) was developed for the detection of TNT in water. 2,4,6-
trinitrophenyl (TNP) coupled ovalbumin (OVA), and anti-TNP single chain antibody 
(scab) was used in this study. One year later, Strano’s group developed a TNT sensor (108) 
based on the conformation of the near-infrared fluorescence of an individual CNT. In their 
study, a class of peptides from the bombolitin family were used for the nitroaromatic 
recognition. They claimed that single molecule recognition of TNT using the amphipathic 
bombolitin II oligopeptide modified CNT. In the same year, CNT-based field-effect 
transistor (FET) was developed using a TNT receptor and the conjugated polydiacetylene. 
The sensor was able to selectively detect TNT at 1 fM in real-time. All those biomolecule-
modified CNT sensors have good selectivities. However, all those sensors can only be used 
for samples in water solutions due to the limitation of using biomolecules. 
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Polymers/CNT sensors are more commonly seen since there are many conjugated 
polymers have been found to facilitate the dispersion of CNT in solutions and a vast variety 
of polymers with different backbones and functional groups that can be selected. Early in 
2003, Dai’s group applied two polymers to enhance the selectivity of CNT sensors (110). 
One of the polymers used for coating CNT thin film is polyethyleneimine, which makes 
the sensor n-type and can selectively respond to NO2, while will not response to NH3. The 
other polymer is polymeric perfluorinated sulfonic acid ionomer (Nafion) which makes the 
sensor selectively response to NH3 and blocks NO2. In 2005, Snow’s group (121) were the 
first to establish a SWCNT capacitor sensor with a thin film of hexafluoroacetone covered 
CNTs for the detection of trace DMMP ranging from 320 ppb to 2.9 ppm. In 2011, Star’s 
group investigated the mechanism of a polyaniline-coated CNT chemical sensor (113) 
towards the detection of NH3, acetic acid, and hydrazine. The sensor showed recoverable 
responses towards hydrazine. The electron-doping mechanism was demonstrated by 
electrochemical measurements and UV-vis-NIR spectra. In the same year, Lu and 
coauthors developed a sensor (114) based on polyethyleneimine (PEI) functionalized 
SWCNTs capable of sensing H2O2 at 25 ppm. 
There are many examples of functionalized CNT sensors in the field of explosive and 
drug detecting. For example, sensors which are based on 1-pyrenemethylamine (PMA) 
functionalized CNTs were reported for the testing of the TNT in water (120). The amine 
functional group in PMA was supposed to electively bind with TNT and form a negative 
charged complex on the surface of CNTs. The sensor showed obvious responses to TNT 
at the concentration of 1 ppt. Lu and coauthors reported a sensor based on CNTs 




1.5.4 Carbon Nanotube Sensor Arrays 
Olfactory sensation is one of the five senses through which we perceive the world 
around us. It is estimated that humans can sense as many as 10,000 to 100,000 chemicals 
as distinct odors (123). Linda Brown Buck and Richard Axel’s work on understanding how 
the olfactory sensation works won the 2004 Nobel Prize in Medicine. We can see a sensor 
array coupled with a computer with artificial intelligence as an olfactory system. However, 
the olfactory system, which has been optimized by the evolution, is a much mature and 
sophisticated one. We may want to learn from it for the future development of sensor array 
systems.  
Electrical sensors based on chemiresistive or FET could easily be adapted and 
combined into a sensor array system (124-125).  Actually, the sensor array topic has been 
extensively studied in Lewis’s research group using carbon black/polymer sensors (126). 
Principle component analysis (PCA) analysis (52), (127-128) were reported for 
distinguishing the types and concentrations of analytes. Later on, CNT-based sensors 
become a popular material for making chemical sensor arrays. And more sophisticated data 
analysis (129) and machine learning techniques (130) have brought into the visualizations 
and predictions of sensor array systems, and would be the future trend. 
 
1.6 Objectives of this Dissertation 
When judging the performance of a chemical sensor, we look at its sensitivity, limit of 
detection (LOD), selectivity, reversibility, resolution (smallest concentration variation 
which can be detected), dynamic range (the concentration between LOD and the maximum 
detectable concentration), and response time. The emphasis of this dissertation is 
enhancing the selectivity of CNT-based vapor sensors in order to enhance the performance 
19 
 
of it.   
The objectives of this dissertation are:  
1. Develop fabrication methods for the noncovalently functionalized CNT-based 
sensors.  
2.  Explore the mechanism of the oligomer-coated CNT sensor, and develop a sensor 
for the selective detection of nitro-explosives.  
3. Explore the effect of alkyl side chain lengths on the selective sensing of different 
sizes of linear alkanes vapors, and develop a sensor for the selective detection of alkanes.  
4. Explore the effect of carboxyl functional groups on the selective sensing of amines, 
and develop an amine-related drug (e.g., methamphetamine) sensor.  
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Figure 1.1 Total number of terrorism incidents worldwide in recent years. (National 
Consortium for the Study of Terrorism and Responses to Terrorism (START). (2017). 


















Figure 1.2 Bar plot of the types of terrorism incidents worldwide. (National Consortium 
for the Study of Terrorism and Responses to Terrorism (START). (2017). Global Terrorism 






Figure 1.3 Building of carbon nanotubes from graphene sheets. (Adapted from (74)). 
 




OLIGOMER-COATED CARBON NANOTUBE CHEMIRESISTIVE 




High-performance chemiresistive sensors were made using a porous thin film of single-
walled carbon nanotubes (CNTs) coated with a carbazolylethynylene (Tg-Car) oligomer 
for trace vapor detection of nitroaromatic explosives. The sensors detect low 
concentrations of 4-nitrotoluene (NT), 2,4,6-trinitrotoluene (TNT), and 2,4-dinitrotoluene 
(DNT) vapors at ppb to ppt levels. The sensors also show high selectivity to NT from other 
common organic reagents at significantly higher vapor concentrations. Furthermore, by 
using Tg-Car/CNT sensors and uncoated CNT sensors in parallel, differential sensing of 
NT, TNT, and DNT vapors was achieved. This work provides a methodology to create 
selective CNT-based sensors and sensor arrays. 
 
                                                
1	Adapted with permission from Zhang, Y.; Xu, M.; Bunes, B. R.; Wu, N.; Gross, E. D.; 
Zang, L.  Oligomer-Coated Carbon Nanotube Chemiresistive Sensors for Selective 
Detection of Nitroaromatic Explosives. ACS Appl. Mater. Interfaces 2015, 7, 7471-7475. 




A low-cost, portable, and sensitive sensor for explosive compounds can provide great 
benefits to homeland security, military operations, and environmental safety (1-4). 
Nitroaromatic (NA) explosive compounds, such as 2,4,6-trinitrotoluene (TNT) and 2,4-
dinitrotoluene (DNT), are among the most common explosives in the world. Several 
detection technologies have been developed. Although traditional analytical methods like 
gas chromatography-mass spectrometry (5) and ion mobility spectrometry (6) afford 
accurate measurements, they require sophisticated and expensive instruments, which limits 
their usage. NA explosive sensors based on fluorescence materials (7-9), especially 
carbazole-based polymers (10) or oligomers (10-14), provide easy, sensitive detection of 
NA explosives. Yet, fluorescence-based sensors involve optical excitation and monitoring, 
which require precise alignment and calibration. Chemical sensors based on field-effect 
transistors using functionalized one-dimensional semiconducting materials (3, 15) (e.g., 
metal oxide nanowires, silicon nanowires, and carbon nanotubes) have attracted much 
attention because of their high sensitivity and simple integration with circuits. However, 
their applications have been limited by complicated fabrication processes arising from 
factors including a lack of solubility of the nanomaterials. Moreover, metal oxides and 
other inorganic sensor materials demonstrate significant response to water vapor 
(humidity), causing false positives.  
Chemiresistive sensor systems based on carbon nanotubes (CNTs) are easy to fabricate, 
small in size, and highly sensitive (16-17). However, their use has been limited to the lab 
scale because of difficulties in dispersing CNTs and poor sensor selectivity. Researchers 
have explored both covalent (18) and noncovalent (4), (18-19) modification to solve these 
problems. Although covalent modifications are robust, they usually alter the electric 
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properties of the CNT significantly and require complicated organic synthesis (21). 
Noncovalent modifications provide a wide range of materials to choose from without 
changing the CNT’s band structure (22). We report herein the demonstration of a NA 
explosive sensor using single-walled CNTs noncovalently functionalized with a 
carbazolylethynylene oligomer (Tg-Car, see Figure 2.1a for the structure). There are three 
key features of our design. (1) The Tg-Car oligomer greatly enhances the dispersion of 
CNTs in organic solvents and thus facilitates the fabrication of an unbundled, uniform, and 
porous thin film using a very simple drop-casting method. The porous surface of Tg-
Car/CNT composite also aids in vapor diffusion, which enhances the vapor detection 
efficiency. (2) The noncovalent modification not only maintains the electron transport 
properties of CNTs, but also improves the selectivity of the sensors to NA explosive 
compounds. Moreover, by adding a separate channel of the uncoated CNT sensors as a 
reference, we can both distinguish NAs from potential interferences and differentiate three 
different NAs compounds from each other. (3) The insulating oligomer coating creates 
charge carrier tunnel barriers at the junctions of the CNT network. Swelling of the oligomer 
due to exposure to an analyte decreases the conductivity of the CNT network by increasing 
the tunneling distance. Meanwhile, the carbazole building block of the Tg-Car oligomer is 
very similar to previously reported fluorescence sensing materials (11-14), which were also 
based on the carbazole structure and demonstrated strong binding affinity and selectivity 
for NA explosives. 
 
2.3 Results and Discussion 
The CNTs were dispersed following a process previously developed in our lab (22-23). 
Briefly, CNTs were added into a chloroform solution containing an excess amount of Tg-
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Car oligomer, followed by sonication. The synthetic details of the Tg-Car oligomer can be 
found in our previous work (24). Aggregates were removed by three iterations of 
centrifugation. Finally, a uniform and stable Tg-Car/CNT suspension in chloroform was 
obtained (shown in the left vial in Figure 2.1b). The suspension was stable for over three 
years without precipitation while the uncoated CNTs in chloroform aggregated within min 
after sonication (shown in the right vial Figure 2.1b). This demonstrates an improvement 
in solubility, which makes the device fabrication process facile and reproducible. Then, 2-
6 µL (2 µL at a time) of the diluted Tg-Car/CNT suspension was drop-cast on a chip with 
pre-patterned interdigitated electrode pairs (IDEs) until the resistance was within the range 
of 50 kΩ to 200 kΩ. The device was heated to 80 °C for 5 min in an ambient environment 
to remove the remaining chloroform. Figure 2.1c shows the schematic view of the sensor. 
The morphology of the thin film was studied by atomic force microscopy (AFM) (Figure 
2.1d) directly after fabrication. The AFM image indicates that a porous, bundle-free thin 
film was formed. The fibril materials in the thin film are individually separated CNTs 
coated with a layer of Tg-Car oligomer (see the black arrows in Figure 2.1d). An AFM 
image showing the surface morphology of a larger area is provided in Figure 2.2. This 
continuous, porous surface of these devices allows diffusion of analyte molecules into the 
thin film, which facilitates vapor detection. 
To evaluate of the sensory performance of the Tg-Car/CNT devices, we first tested the 
vapor of 4-nitrotoluene (NT), which is commonly used as a taggant in NA explosive 
materials. It is relatively easy to accurately dilute and deliver NT vapor with our vapor 
generation system (see Figure 2.3, for detail) because its saturated vapor pressure at room 
temperature is much higher than TNT and DNT.  The vapor generation system consists of 
a diluting stream of dry air at a constant flow rate of 100 sccm (standard cubic centimeter
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per minute). To this stream of dry air, a known volume of saturated vapor was infused by 
a programmable syringe pump. The saturated vapor of each analyte was generated 
in a 60 mL glass syringe and allowed to equilibrate for 2 h at room temperature. The 
diluted vapor was then delivered into a custom PTFE enclosure, in which the sensors 
were contained. The sensory response to the exposure of an analyte is defined as the relative 
conductivity change of the sensor before and after the exposure. The sensors were operated 
at a constant bias voltage of 1.0 V. Figure 2.4a shows the baseline-corrected response of 
the Tg-Car/CNT sensor to 1.5, 2.0, and 3.0 ppm of NT vapor, which were diluted from 3, 
4 and 6 sccm streams of the saturated vapor of NT (25).  The original data plot without 
baseline correction shown in Figure 2.5. Overall, the sensor’s response is fast and 
recoverable. A limit of detection (LOD) of 95 ppb is calculated based on a linear fitting of 
the data following a method reported in literature (26).  
The sensor’s ability to discriminate between NT and common reagents, such as 
acetone, ethanol, hexane, methanol, toluene, and water, was investigated. These common 
reagents were diluted to about 1% of the saturated vapor at room temperature (1 sccm of 
saturated vapor diluted with 100 sccm of dry air) and delivery to the sensor. Figure 2.6 
shows the conductance change of the Tg-Car/CNT sensor in response to the vapors of these 
common reagents. The selectivity of the sensor to NT is good considering that the other 
vapors are at concentrations 2-3 orders of magnitudes higher than that of NT while the 
sensory response to NT is significantly lower. Moreover, the sensor shows a minimal 
response to water vapor, which indicates robustness against humidity. 
Next, we compared the vapor detection performance of the Tg-Car/CNT sensors with 
uncoated CNT sensors, similar to those reported previously. (15, 17) The uncoated CNT 
sensors were fabricated from a CNT/dimethylformamide (DMF) suspension. Figure 2.7a 
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shows the results from both sensors in response to NT (7 ppm), DNT (36 ppb) and TNT 
(0.7 ppb) diluted from 15 sccm of saturated vapors at room temperature. The sensory 
response of the Tg-Car/CNT sensors and uncoated CNT sensors were monitored 
simultaneously and the real-time results are provided in the Figure 2.8. The uncoated 
CNT sensor shows an increase of conductance to all the analytes while the Tg-Car/CNT 
sensor shows an opposite response trend. This is reasonable because uncoated CNTs are 
p-type materials with holes as the major charge carriers and the conductivity is expected 
increase when exposed to electron-withdrawing analytes such as NA explosive 
compounds. For instance, even though the concentration of DNT is about 200 times 
lower than the concentration of NT, the sensory response is higher for DNT. This is 
mainly because the electron-withdrawing ability of DNT is higher than that of NT. For 
the Tg-Car/CNT sensor, the conductivity decreases upon exposure. To account for this 
decrease, we propose a sensing mechanism based on the swelling of the Tg-Car oligomer 
between adjacent CNTs, rather than charge transfer. This mechanism will be discussed in 
detail later.  
There are significant research interests regarding the differential detection of NT, DNT, 
and TNT, as the chemical structures and properties of these compounds are so similar. One 
possible solution is to use sensor arrays (27) that incorporate multiple sensors in one 
detection system. We built a simple array using the Tg-Car/CNT sensors and uncoated 
CNT sensors. Figure 2.7b shows a scatter plot of the sensory response from the Tg-
Car/CNT sensor and the uncoated CNT sensor to vapors of NT (4, 7, and 12 ppm), DNT 
(23, 36, and 63 ppb), and TNT (0.4, 0.7, and 1.3 ppb). As it is clearly shown, the cluster of 
data points for NT is far away from the clusters of data points for DNT and TNT, which 
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means it can be distinguished from the other NA compounds. The clusters of DNT and 
TNT are closer but still separate. This result demonstrates that by using a simple array of 
just two sensor components, DNT and TNT can be selectively detected in this range of 
concentrations. The sensory response of Tg-Car/CNT is nearly saturated at higher 
concentrations of DNT and TNT (see Figure 2.7b). This may be due to the strong electron 
donor-acceptor interaction between these compounds and the carbazole units in Tg-Car 
oligomer. The noncovalent modification of CNTs not only simplifies the device 
fabrication, but also demonstrates a practical way to improve the selectivity of the CNT 
sensors through the choice of monomer building blocks. 
The mechanism of the Tg-Car/CNT sensors is different from the charge-transfer 
mechanism mentioned in previous reports (28) and in the uncoated CNT sensors used in 
this work. We propose that the mechanism of the Tg-Car/CNT sensors is due to the 
swelling of the Tg-Car/CNT thin film (shown in Scheme 2.1), which is similar to 
previously reported carbon-black/polymer (29) or carbon-black/small-molecule (29-30) 
chemical sensors. In the Tg-Car/CNT sensors, the conductivity of the thin film is from the 
CNT network. However, the junctions between CNTs are separated by the insulating Tg-
Car oligomer. When voltage is applied between source and drain, the charge carriers 
(holes) in the CNT network tunnel through the interfaces formed by the Tg-Car oligomer. 
When the sensor is exposed to an analyte, the Tg-Car oligomer swells and the distance 
separated by the oligomer increases; thus, the tunnel barrier in the CNT network increases. 
As a result, the conductivity of the sensor decreases. However, the sensing performance 
from our Tg-Car/CNT sensors to the NA explosive compounds is significantly enhanced 
compared to the previous carbon-black swelling-based NA sensors (30) because of the 
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following reasons. First, the porosity in our sensors is high. This is important for vapor 
sensors because it greatly enhances the surface area available for interaction with the 
analyte. Meanwhile, we can disperse CNTs using a relatively small amount of Tg-Car 
oligomer. For most of the previous carbon-black swelling-based sensors (29-30), carbon-
black was immersed in a large volume of polymer or small molecule with limited open 
surface area, which decreases the sensitivity.  Second, the Tg-Car oligomer provides a 
strong affinity to NA explosive compounds, which helps the sensor respond at low 
concentrations and improves the selectivity of the sensor from other common chemical 
reagents (as shown by the results in Figures 2.6 and 2.7).  
 
2.4 Conclusion 
In summary, we have fabricated a Tg-Car/CNT composite sensor using a very simple 
drop-casting method. The sensor shows high sensitivity to NA explosive compounds and 
also shows high selectivity among other common organic reagents. The combination of 
uncoated CNT sensor with the Tg-Car/CNT sensor provides differential sensing between 
the three NA explosive compounds. The work demonstrates the use of a carbazole oligomer 
and CNT composite materials for a simple chemiresistive sensor with high sensitivity, 
which can be easily integrated into sensor arrays to achieve differential sensing. 
 
2.5 Experimental Methods and Materials 
2.5.1 Materials and General Instruments 
Carbon nanotubes (SG65i, single walled, >95% semiconducting species) were 
purchased from SouthWest NanoTechnologies. Carbazolylethynylene oligomer (Tg-Car) 
with triethylene glycol monomethyl ether (Tg) side chains was synthesized following steps 
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reported previously (24). 4-nitrotoluene (NT, 99%) and 2,4-dinitrotoluene (DNT, 
analytical standard) were purchased from Aldrich. 2,4,6-trinitrotoluene (TNT) was 
obtained from Dyno Nobel. Other chemicals were purchased from Aldrich or Fisher at the 
reagent grade and used as received.  
 
2.5.2 Device Fabrication Details 
1.0 mg carbon nanotubes and 5.6 mg Tg-Car oligomer were added to 9.0 mL of 
chloroform and sonicated in a water bath (Fisher Scientific FS30H model) at room 
temperature for 90 min. Then the suspension was set aside for 30 min. Then suspension 
was transferred to a centrifugation tube and centrifuged (IEC Centra CL2) at 4200 rpm (~ 
3000 g) for 20 min. The supernatant was transferred into another centrifugation tube and 
the centrifugation process was repeated two more times. The final supernatant is very stable 
with no precipitate observed after three years. 
The IDE were patterned onto a silicon wafer with a 300 nm thermal oxide layer 
(purchased from Silicon Quest) using a standard photolithography procedure. The gap 
between fingers in the IDE is 80 µm. The width of the channel is 2100 µm and the length 
is 20 µm. There are 10 finger pairs in total. The 20 nm adhesive titanium layer and the 50 
nm gold layer were sputtered on the wafer. 
The IDE chips were cleaned by sonication in acetone, methanol and isopropanol 
successively. Then the devices were made by drop-casting 2-6 µL (2 µL at a time) of the 
diluted Tg-Car/CNT suspension (diluted 40 times from the original Tg-Car/CNT 
suspension, the supernatant after three times of centrifugation above) until the resistances 
of the sensor devices were within the range of 50 kΩ to 200 kΩ. The devices were heated 
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at 80 °C for 5 min under ambient environment to remove chloroform residue. 
1.0 mg CNTs was placed in 50 mL dimethylformamide (DMF) and sonicated for 2 h. 
Then the suspension was diluted 50 times. To fabricate the sensor devices, 2-6 µL (2 µL at 
a time) of the CNT suspension was drop-cast on the pre-cleaned IDE chips until the 
resistances of the devices were within the range of 50 kΩ to 200 kΩ. Then, the sensor 
devices were heated at an elevated temperature (~ 120 °C) for 5 min under ambient 
environment to get rid of extra DMF on the surface of the IDE chips. 
Atomic force microscopy (Veeco MultiMode V scanning probe) operating in tapping 
mode was used to characterize the surface morphology of Tg-Car/CNT film deposited on 
IDEs. Optical images were obtained using a CCD camera in the microscope. 
The sensor devices were wire-bonded into a ceramic chip carrier and connected to 
an Agilent 4156C Precision Semiconductor Parameter Analyzer. A custom designed 
Teflon enclosure was used to cover the ceramic chip carrier. A DC voltage (1.0 V) was 
applied to the electrode and the current was monitored. 
 
2.5.3 Vapor Generation System 
Different concentrations of vapor were obtained by mixing the saturated analyte vapor 
(25) at room temperature with delivery gas (fixed at 100 sccm by a mass flow controller). 
Either 250 mg of a solid analyte or 0.5 mL of a liquid analyte was placed in a 60 mL glass 
syringe for 2 h for saturation (Figure 2.3). The saturated analyte vapor at room temperature 
was infused by the syringe pump (NE-4000 New Era Pump System, Inc.) with different 
pumping rates. Table 2.1 and Table 2.2 show vapor concentrations diluted from a certain 
flow rate of saturated vapor. The diluted concentration is calculated from the saturated 
concentration multiplied by the percentage of the analyte flow rate over the total flow rate. 
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2.5.4 Calculation of the Limit of Detection 
A limit of detection (LOD) of 95 ppb for NT is calculated based on the following 
equation (26):  
                                         LOD = 3* rms_noise/slope                                           (2.1) 
The slope is 0.0026, which is from the linear fitting the five points in the Figure 2.2b. 
The noise level (rms_noise) is 0.000082, which is calculated from the root-mean-square 
deviation of 15 data points from the baseline.  
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Scheme 2.1 Schematic of the charge carriers (holes) moving in the CNT and tunneling 









Figure 2.1 (a) Molecular structure of the Tg-Car oligomer. (b) CNT suspensions in 
chloroform with (left vial) and without Tg-Car oligomer (right vial). (c) Schematic view of 
the sensor device with the Tg-Car/CNT thin film. (d) AFM image of the Tg-Car/CNT thin 





Figure 2.2 Optical microscope image (scale bar: 600 µm) and AFM images of the Tg 















Figure 2.4 (a) Real-time sensory response to NT vapor at concentration of 1.5, 2.0, and 3.0 
ppm. The exposure at each concentration was repeated three times. The analyte exposure 
time is 20 s and the recovery time is 40 s for each test. (b) Calibration curve of the sensor’s 




Figure 2.5 The real-time sensory response (without baseline correction, compared to the 
corrected data presented in Figure 2.2a) to NT at concentration of 1.5 ppm, 2.0 ppm, and 








Figure 2.6 Response of the Tg-Car/CNT sensor to NT (15 sccm of saturated vapor diluted 
with 100 sccm of dry air, about 13% of saturated vapor at room temperature) and other 





Figure 2.7 (a) Conductance changes of the Tg-Car/CNT sensor and the uncoated CNT 
sensor in response to NT at 7 ppm, DNT at 36 ppb, and TNT at 0.7 ppb (15 sccm diluted 
in 100 sccm of dry air). (b) Scatter plot of the conductance changes of the Tg-Car/CNT 





Figure 2.8  The sensory response of the Tg-Car/CNT sensors and the uncoated CNT sensors 
to (a) NT, (b) DNT and (c) TNT vapor at different concentrations diluted from 6 sccm, 9 
sccm, 15 sccm, 30 sccm, 45 sccm, and 60 sccm of corresponding saturated vapor at room 
temperature. The green arrow represents the beginning of the exposure to an analyte and 
the red arrow represents the end of the exposure to an analyte. The time for the exposure 









Table 2.1 Vapor concentrations and flow rates for Figure 2.4 and Figure 2.5. 
 
Vapor 













































Table 2.2 Vapor concentrations for Figure 2.7. 
 
Vapor 
Pressure   












NT 4.02e-2 52.9 ppm 4 ppm 7 ppm 12 ppm 
DNT 2.08e-4 274 ppb 23 ppb 36 ppb 63 ppb 

























 POLY(3-ALKYLTHIOPHENE)/CNT-BASED CHEMIRESISTIVE  
SENSORS FOR VAPOR DETECTION OF LINEAR ALKANES:  
EFFECT OF POLYMER SIDE CHAIN LENGTH1 
 
3.1 Abstract  
In general, alkane vapors are difficult to detect due to their nonreactive nature at room 
temperature. Here, we show chemiresistive sensors made of carbon nanotubes (CNTs) 
noncovalently functionalized with three kinds of poly(3-alkylthiophene) (P3AT), namely, 
poly(3-butylthiophene) (P3BT), poly(3-octylthiophene-2,5-diyl) (P3OT) and poly(3-
dodecylthiophene-2,5-diyl) (P3DT). We compared the responses of sensors composed of 
these materials to four linear alkanes, hexane, octane, decane, and dodecane. The results 
show that sensors with CNTs functionalized with P3ATs that have alkyl side chains with 
length similar to the length of the analyte alkane produced a bigger response than the case 
in which the lengths are different. Based on this response trend, a sensor array was made, 
which can distinguish different sizes of linear alkane vapors. This work facilitates the 
future design of CNT-based sensor arrays for distinguishing analytes with similar physical 
                                                
1Adapted by permission from	Zhang, Y.; Bunes, B. R.; Wang, C.; Wu, N.; Zang, L. 
Poly(3-alkylthiophene)/CNT-based Chemiresistive Sensors for Vapor Detection of 
Linear Alkanes: Effect of Polymer Side Chain Length. Sens Actuators B Chem. 2017, 
247, 713-717. Copyright (2017) Elsvier.	
58 
 
and chemical properties. 
 
3.2 Introduction 
Alkanes are hydrocarbons with only single carbon-carbon bonds and no functional 
groups, yet alkanes are important to human beings. They are commonly used as fuels and 
are also widely used in industry. However, they have safety issues including explosion (1) 
and inhalational toxicity (2).  The Occupational Safety and Health Administration (OSHA) 
in the United States has regulated the permissible exposure limit of n-hexane to be 500 
ppm (3). Thus, a portable, low-cost, and reliable vapor sensor for detecting and 
distinguishing alkanes would benefit us in aspects such as detecting fuel leaks in airplanes, 
detecting homemade explosives made of nitrate-fuel oil mixtures, and monitoring the 
environmental exposure of alkanes. However, it is difficult to make highly sensitive alkane 
sensors due to their lack of reactivity at room temperature and they have similar chemical 
and physical properties. Previous research has been done using traditional instruments, 
such as Fourier transform infrared (FTIR) spectrometry (4),  gas chromatography (5) and 
ion mobility spectrometry (6).  However, those methods involve expensive and bulky 
instruments and the testing processes are time-consuming. Emerging methods have been 
developed using nanomaterials such as metal oxide thin films (7),  gold nanoparticles (8-
9), silicon nanowires (10),  and organic nanofibers (11).  However, those sensors usually 
have specific operational requirements such as high operation temperatures, sophisticated 
measurement equipment, or light irradiation. Those requirements hinder the development 
of those sensors.   
Chemiresistive sensors based on carbon nanotubes (CNTs) have attracted significant 
attention due to their high sensitivity (12-13),  simple fabrication process (14),  and simple 
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operational requirements. To further enhance their sensitivity and selectivity, covalent (15-
16) and noncovalent (17-18) functionalizations were introduced to CNT-based 
chemiresistive sensors. Most of these functionalized sensors work through an interaction 
between the sensor and the analyte such as hydrogen bonding (15),  halogen bonding (19),  
electrostatic effect (20),  and the creation of a chemical reaction (21).  However, none of 
those methods work in an alkane sensor because of the lack of a specific chemical 
functional group and the unreactive nature of alkanes at room temperature.  
Here, we demonstrate chemiresistive alkane sensors based on CNTs coated with 
poly(3-alkylthiophene) (P3AT). P3ATs with different side alkyl chain lengths were used 
in this study, namely, poly(3-butylthiophene-2,5-diyl) (P3BT), poly(3-octylthiophene-2,5-
diyl) (P3OT), poly(3-dodecylthiophene-2,5-diyl) (P3DT) (Scheme 3.2a). We have tested 
the responses of these P3ATs/CNT sensors to four linear alkanes, namely, n-hexane, n-
octane, n-decane and n-dodecane (Scheme 3.2b). There are three features in our design. (1) 
P3ATs greatly enhance the dispersion of CNTs in solvents, which makes the fabrication 
process simple and repeatable. Meanwhile, good dispersion of CNT facilitates the 
fabrication of a continuous, uniform percolation network of CNTs, which is conducive to 
gas diffusion and adsorption, thereby facilitating application in vapor sensing. (2) 
Polythiophenes with a variety of types of side chains are commercially available so we can 
easily replace the polymer with different side chain lengths and other functional groups to 
further improve the detection selectivity. (3) The sensors are most responsive to the alkane 
with similar chain length as the side-chain of P3AT, a mechanism based on the general 
chemistry principle “like dissolves like.” This trend of response could be used to 
distinguish the size of alkane molecules in a vapor. This research is a proof of concept of 
designing a sensor array with polymer functionalized CNTs, which can potentially 
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distinguish similar analytes. 
 
3.3 Materials and Methods 
3.3.1 P3AT/CNT Preparation Method 
The P3AT/CNT suspensions used for making the sensors were prepared through the 
following steps. First, CNTs were suspended in 1,2-dichlorobenzene (ODCB) with a 
concentration of 1 mg/mL, followed by 2 h of sonication in a sonication bath. P3ATs were 
dissolved in ODCB with a concentration of 5 mg/mL. Second, the two solutions were 
mixed to achieve the CNT suspension, in which the weight ratio of P3AT: CNT was 3:1. 
The mixtures were sonicated for 2 h in a sonication bath. Subsequently, about 10 vol% of 
cyclohexanone was quickly injected into the mixture to facilitate the aggregation of P3ATs 
onto CNTs (22). The mixtures were then kept undisturbed overnight to reach equilibrium. 
The mixtures thus obtained were relatively homogeneous and dark black. Since the 
precipitates were not removed, agitation was needed to make the suspension uniform. 
Third, the mixtures were agitated for several seconds and diluted in ODCB to achieve a 
concentration of CNTs of 2.5 µg/mL (estimated) and the diluted suspensions were 
sonicated for 2 h. Then, the diluted suspensions were ready to use. The diluted suspensions 
were stable with no aggregates formed over 6 months on a benchtop at room temperature, 
with the exception of the P3BT/CNT suspension, which formed aggregates after a few 
weeks (see the photos in Figure 3.1). After sonicating for several minutes, the aggregation 
in the diluted suspension of P3BT/CNT would disappear and the suspension would be 
ready to use again. These uniform and stable P3AT/CNT suspensions make the fabrication 




3.3.2 Sensor Device Preparation Method 
Sensors were fabricated by drop-casting one of the diluted P3AT/CNT suspensions 
onto pre-patterned interdigitated electrodes (IDEs) followed by heating at 120 °C for 10 
min in an ambient environment to remove the remaining solvent. After the solvent 
evaporated, the electrical resistance of the IDE was tested. The drop-casting of the 
suspension was continued until the resistance of the device reached 20 – 200 kΩ, forming 
a thin film of P3AT/CNT on the IDEs. Scanning electron microscopy (Figure 3.2) shows 
the porous and continuous structure of a P3OT/CNT thin film, which is beneficial for a 
vapor sensor because analyte molecules can penetrate into this thin film. 
 
3.4 Results and Discussion 
3.4.1 Characterizations 
UV-Vis absorption spectra were obtained from the three P3AT/CNT suspensions 
(Figure 3.1). There were additional peaks around 610 nm in the P3AT/CNT suspensions, 
indicating the formation of a highly ordered structure of P3ATs due to their aggregation on 
the surface of CNTs (23-24).  The overall baseline of the P3AT/CNT absorption spectra 
increased when the alkyl side chain length increases. This indicates that P3ATs with longer 
alkyl side chain have stronger abilities to disperse CNTs in solvent. Atomic force 
microscopy (AFM) was used to characterize the dispersion of CNTs. The AFM image 
(Figure 3.1d) indicates that CNTs were individually dispersed. The height distribution 
study in Figure 3.3 shows that the average diameter of the CNTs in the P3OT/CNT 
suspension is around 1.1 ± 0.2 nm. Comparing with the manufacture’s data and our 
previous study (25),  this is an almost 40% increase of diameter from bare CNTs (0.8 ± 0.1 
nm). This demonstrates the addition of the P3OT coating on the surface of CNTs. All those 
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characterizations demonstrate the uniform coating of P3ATs on the surface of the CNTs, 
as well as the individual dispersion of CNTs thus produced.  
 
3.4.2 Sensitivity and Limit of Detection to n-Dodecane 
The sensitivity of those sensors to alkane is first presented with n-dodecane using a 
P3DT/CNT sensor. Figure 3.4a shows the three times repeated testing of a P3DT/CNT 
device by exposing to 1%, 2%, 4%, and 8% dilution of saturated vapor of n-dodecane 
(Table 3.1 shows the saturated vapor pressures of the four alkane analytes at 20 °C). 
Overall, the sensor’s response to n-dodecane is fast, recoverable, and reproducible. Figure 
3.4b shows that the sensor displays a linear response to n-dodecane from 1% to 8%. A limit 
of detection (LOD) of 342 ppb was projected for n-dodecane following the linear fitting, 
and similarly a LOD of 76 ppm was projected for n-hexane (see section 3.6.4 of this 
dissertation for more detail). The LOD of 76 ppm of n-hexane is far lower than OSHA’s 
permissible exposure limit of 500 ppm, demonstrating the utility of the sensor. 
 
3.4.3 The Effect of Side Chain Length and the Sensor Array 
Then, the responses of all three P3AT/CNT sensors to all four alkanes were measured. 
Figure 3.5 shows the baseline corrected testing results. When exposed to n-hexane (Figure 
3.5a), the P3BT/CNT sensor gave the biggest response, which is about 45% larger than the 
response of P3DT/CNT. However, the P3DT/CNT sensor gave the biggest response to n-
dodecane (Figure 3.5b), which is about 80% larger than the response of P3BT/CNT. Figure 
3.5c shows the summary of the sensors’ response to all the four alkane analytes. As 
indicated from the first arrow in Figure 3.5c, the sensor response to n-hexane decreased as 
the length of the side chain in the P3AT decreased. On the contrary, the sensor response to 
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n-dodecane increased as the length of the side chain in the P3AT increased. The responses 
of three kinds of P3AT/CNT sensors to water vapor were tested as well to evaluate the 
usage in more complex real-life situations (Figure 3.6). All the sensors show much smaller 
response to water vapor (2504 ppm, 8% of saturated vapor) even compared with much 
lower vapor of dodecane (14 ppm, 8% of saturated vapor). 
The different trends of response observed for the three sensors towards the alkanes 
vapor as shown in Figure 3.5d demonstrates the capability of distinguishing the different 
sizes of alkanes by incorporating the three sensors into an array. Figure 3.5d is the principle 
component score plot of the sensor array. It is clearly seen that the small alkane like n-
hexane can be distinguished from the large ones due to the different dissolution preference 
into the interdigitated polymer side-chain junctions between CNTs. As the size (carbon 
chain length) of alkanes increases, the dependence of dissolution on the polymer chains 
becomes less distinct, and consequently it becomes more difficult to discriminate among 
the long alkanes as shown in Figure 3.5d. 
 
3.4.4 The Sensing Mechanism 
The mechanism of the sensor is likely due to the swelling of P3ATs on the surface of 
CNTs. (11, 26) CNTs form a conductive network, while P3ATs act as the insulating layer 
between each junction of CNTs in the network. Because the electrode gap is much longer 
than the CNTs, a charge must cross many of these junctions to get from one electrode to 
the other. When the sensors are exposed to alkane vapor, P3ATs on the surface absorb it 
and swell, causing spatial enlargement of the CNT junctions. As a result, the resistance of 
the CNT network increased and measured as a decrease in current. The porous structure of 
the CNT network thin film is easily penetrable by the vapor molecules, and the large 
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interfacial area between adjacent CNTs in the network facilitates the sensor response. 
Selectivity between alkanes can be understood in two ways.  First, shorter alkyl chains of 
P3AT are less able to accommodate longer alkanes because of their small size; hence, n-
hexane elicits a larger response from P3BT/CNT than P3DT/CNT. Conversely, larger alkyl 
chains of P3AT can accommodate both small and large alkanes, but larger alkanes cause a 
greater disruption to the interface (i.e., they cause more extensive swelling of the polymer 
side chains), thus leading to more pronounced sensor response.   
 
3.5 Conclusions 
We utilized P3ATs with three side chain lengths to detect four kinds of alkane vapors 
at low concentrations. The sensing results indicate that the P3AT/CNT sensors with longer 
side chain lengths, such as P3DT, show bigger responses to longer carbon chain analytes 
such as n-dodecane. On the contrary, the P3AT/CNT sensors with shorter side chain 
lengths, such as P3BT, show bigger responses to analytes with shorter carbon chains, such 
as n-hexane. Thus, by comparing the relative responses of the P3BT/CNT sensors and the 
P3DT/CNT sensors, we were able to selectively detect those alkane analytes within a 
certain range of vapor concentrations. The sensors were prepared by simply drop-casting 
P3AT/CNT suspensions onto IDEs. The mechanism of the response is likely due to the 
swelling of the P3ATs insulting layers in the conductive CNT network. Future work may 
involve expanding the polythiophene/CNT sensor array with other side chain functional 
groups, and the sensor array’s ability to differentiate a wide variety of analytes and 





3.6 Experimental Methods and Materials 
3.6.1 Materials and Interdigitated Electrodes 
Carbon nanotubes (SG65i, single walled, >95% semiconducting species) were 
purchased from SouthWest NanoTechnologies. P3ATs, regioregular, were purchased from 
Rieke Metals. Alkanes were purchased from TCI. All the other chemicals were purchased 
from Sigma Aldrich or Fisher and used as received. 
The interdigitated electrodes (IDE) were patterned onto a silicon wafer covered with a 
300 nm thermal oxide layer (purchased from Silicon Quest) using a standard 
photolithography procedure. The gap between fingers in the IDE is 80 µm. The width of 
the channel is 2100 µm and the length is 20 µm. There are 10 finger pairs in total. The IDE 
fingers consisted of 20 nm adhesive titanium layer and a 50 nm gold layer, which were 
sputtered on the wafer using a Denton Discovery 18 sputter coater. The IDEs were cleaned 
by sonicating in acetone, methanol, and isopropanol successively and dried with a nitrogen 
spray gun and heat at 80 °C for 5 min. 
 
3.6.2 Characterization Methods 
Atomic force microscopy (AFM) imaging was performed with a Veeco MultiMode V 
scanning probe microscopy in a tapping mode, which is suited for characterizing the 
dispersion of CNTs. The sample for AFM imaging (Figure 3.1d) was prepared by dropping 
2 µL of the diluted P3OT/CNT suspension on to a cleaned silicon dioxide surface for 
several seconds and the suspension on the surface was removed using Kimwipes at the 
edge of the chip. UV-Vis absorption spectra were measured on an Agilent Cary 100 UV-
Vis spectrophotometer. SEM images of the P3OT/CNT thin film were acquired using a 
Quanta 600 electronic microscope at high vacuum. The preparation procedures of the SEM 
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samples are the same as the one used in making the sensors (described in the section 3.3 of 
this dissertation). 
 
3.6.3 Sensor Testing System 
The analyte vapor generation and testing system was described in our previous study 
(14). Briefly, saturated vapor of an alkane analyte at room temperature was pulled from the 
glass bottle (one gallon) with about 50 mL of liquid alkane analyte on the bottom. A 
programmed syringe pump (NE-4000 New Era Pump System, Inc.) was used to inject the 
saturated alkane vapor into a flow of dry air (as carrier gas). The syringe pump was 
programed to infuse 20 s of the saturated analyte vapor at a certain rate to the carrier gas 
with a duty cycle of 60 s in order to achieve different diluted vapor concentrations of alkane 
analyte. The process was repeated three times to examine the reproducibility of sensor 
response. The diluted vapor was delivered to a PTFE chamber with sensors inside. The 
sensors were wire-bonded to a ceramic chip carrier and connected to an Agilent 4156C 
Precision Semiconductor Parameter Analyzer. The sensors were operated at a constant DC 
bias of 1.0 V and the electrical currents were monitored by the semiconductor analyzer. 
Matlab and Microsoft Excel were used to perform the baseline correction and the data 
analysis. 
 
3.6.4 Calculation of the Limit of Detection 
A limit of detection (LOD) of 342 ppb for n-dodecane was calculated based on the 
linear fitting in Figure 3.4b, following the equation: LOD (ppm) = 3* rms_noise/slope * 
saturated_concentration (ppm) (13). The slope obtained from Figure 3.4b is 0.0596. The 
noise level (rms_noise) is 0.003996, which is calculated from the root-mean-square 
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deviation of 15 data points from the baseline.   
A limit of detection (LOD) of 76 ppm for n-hexane was calculated based on the linear 
fitting in Figure 3.7. The slope obtained from Figure 3.7 is 0.1824. The noise level 
(rms_noise) is 0.00267.   
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Scheme 3.2 Molecular structure of the three P3ATs (a) and four linear alkane analytes. 












Figure 3.1 (a-c) The UV-Vis absorption spectra and photos of P3AT solutions (0.0075 
mg/mL) and P3AT/CNT suspensions. (d) AFM image of the P3OT/CNT suspension cast 













Figure 3.3 Histogram of CNT diameters (blue) extracted from the AFM image in Figure 










Figure 3.4 (a) Real-time sensor responses to 1% (1.7 ppm), 2% (3.4 ppm), 4% (6.8 ppm) 
and 8% (13.6 ppm) dilution of the saturated vapor of n-dodecane measured from a 
P3DT/CNT sensor. The analyte exposure time is 20 s and the recovery time is 40 s. (b) 
the linear fitting of the sensor’s responses to the vapor concentration of n-dodecane; data 
points were averaged from three independent sensors’ responses. 
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Figure 3.5 (a) Real-time sensors’ responses to 8% of the saturated vapor of n-hexane from 
the P3BT/CNT sensor, the P3OT/CNT sensor and the P3DT/CNT sensor. (b) Real-time 
sensors’ responses to 8% of the saturated vapor of n-dodecane from the same three sensors. 
(c) Summary of responses from the three kinds of sensors (three independent sensors for 
each type) to 8% of the saturated vapor of n-hexane, n-octane, n-decane, n-dodecane. (d) 
Principle component score plot of the sensor array containing the three P3AT/CNT sensors 






Figure 3.6 (a) Real-time sensor responses to 8% of water vapor. The analyte exposure time 
is 20 s and the recovery time is 40 s. (b) Comparison of the sensors’ responses to n-






Figure 3.7 The linear fitting curve of the P3BT/CNT sensor’s responses from 1%, 2%, 4%, 
and 8% of the saturated vapor of n-hexane. The analyte exposure time is 20 s and the 



















SENSING METHAMPHETAMINE WITH CHEMIRESISTIVE  
SENSORS BASED ON POLYTHIOPHENE-BLENDED 
SINGLE-WALLED CARBON NANOTUBES1 
 
4.1 Abstract 
A highly sensitive and selective carbon nanotube-based vapor sensor was developed 
toward the detection of methamphetamine vapor, one of the most widespread, harmful and 
addictive illegal drugs in the world. Poly(3-(6-carboxyhexyl)thiophene-2,5-diyl)) (P3CT) 
was chosen to noncovalently functionalize carbon nanotubes, which can facilitate the 
suspension of carbon nanotubes in the solvents as well as introduce a carboxylic acid 
functional group. The carboxylic acid group in the polymer acts as a binder of organic 
amines via acid-base interaction. The P3CT-functionalized carbon nanotube sensors show 
sensitivity to n-methylphenethylamine (NMPEA), a detection simulant of 
methamphetamine, as low as 4 ppb. The sensors were able to distinguish NMPEA from 
two other amine compounds, various volatile chemical compounds (VOCs), and water 
vapor by observing the recoverability of the sensor’s signal after exposure. The sensor 
                                                
1	 Adapted with permission from Zhang, Y.; Bunes, R. B.; Wu, N.; Ansari, A.; Rajabali, S.; 
Zang, L., Sensing Methamphetamine with Chemiresistive Sensors Based on 
Polythiophene-Blended Single-Walled Carbon Nanotubes, Sens. Actuators B Chem. 2017, 
http://dx.doi.org/10.1016/j.snb.2017.08.201. Copyright (2017) Elsvier.	
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showed higher sensitivity to amine vapors even when the vapor concentrations of amines 
were several orders of magnitude lower than those of the VOCs. Our research gives a 
simple but effective method for detecting trace amounts of methamphetamine in ambient 
air. Meanwhile, the sensor developed in this study can be used as one component in a next 
generation portable, intelligent, and low-cost chemical sensor array system for more 
complex real-life applications. 
 
4.2 Introduction 
N-methamphetamine (NMPA) is a highly addictive central nervous system stimulant 
and an illegal drug that is a worldwide health problem (1). The negative consequences of 
taking NMPA affect not only an individual’s health but also his/her family and friends. The 
synthesis of NMPA is relatively simple and there are clandestine labs producing NMPA 
illegally worldwide (2). Meanwhile, these clandestine labs usually lack appropriate 
protection methods during the synthesis and often cause severe contamination of their local 
environment. Thus, a sensitive, portable, and reliable NMPA vapor sensor may be used to 
detect clandestine labs and drugs in transit.  
Previous methods developed for detecting NMPA include gas chromatography (GC) 
(3), mass spectrometry (MS) (4), GC/MS (5), electrochemiluminescence (ECL) (6), Raman 
spectroscopy (7), liquid chromatography (8), surface ionization (9), and fluorescence 
sensors (10-13). Those sensing methods, especially those related to analytical instruments, 
have the advantage of accurate detection of trace amounts of NMPA in complex samples 
such as human urine and blood. They are used for screening for drug abuse. However, they 
have drawbacks of extensive sample preparation, expensive and cumbersome instruments, 
and complicated instrumental operation and not suitable for the applications of real-time 
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detection and monitoring of NMPA in law enforcement scenarios. Thus, a sensor for 
NMPA that is simple and affordable is still highly demanded.  
Electronic sensors such as chemiresistive sensors (14-17) are promising to fulfill this 
demand, as they are usually simple and inexpensive to make (17). In a chemiresistive 
sensor, only source electrode and drain electrodes are needed for measurements of the 
signal and only small amount of the sensor materials (in the range of micro-grams) are 
needed for making a device. Chemiresistive sensors integrate with circuit boards easily and 
can be small in size; thus, a hidden detector that communicates wirelessly to a computer or 
a small cell phone accessory for NMPA detection is easy to achieve. Carbon nanotubes 
(CNTs) are promising materials to use because of their high property sensitivity to 
environmental changes (18), good conductivity, and availability for surface 
functionalization (19-21), Previous studies have shown numerous examples of CNT-based 
chemiresistive sensors for monitoring trace amounts of dangerous gases and chemical 
vapors such as carbon monoxide (22), hydrogen sulfide (23), and diethylchlorophosphate 
(24) in the environment. However, little to no work has been published on using carbon 
nanotubes as NMPA vapor sensors. Herein, we designed a chemiresistive sensor based on 
single-walled CNTs functionalized with a polythiophene derivative for the detection of 
trace NMPA vapor. Polythiophene has been demonstrated as an effective material to 
noncovalently functionalize CNTs and disperse them in solvents (25), We chose poly(3-
(6-carboxyhexyl)thiophene-2,5-diyl)) (P3CT) (Figure 4.1a) because of the hypothesis that 
the carboxylic acid group in the polymer will facilitate the sensing of NMPA because the 
carboxylic acid tends to react with the amine group in the NMPA through acid-base 
interaction. We have demonstrated our hypothesis by directly comparing sensors 
functionalized with a very similar polymer without carboxylic acid functional group, 
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namely, poly(3-octylthiophene-2,5-diyl) (P3OT) (Figure 4.1a). 
 
4.3 Results and Discussion 
UV-vis absorption spectra (Figure 4.1d) were obtained from the P3CT/CNT suspension 
and the P3CT solution using an Agilent Cary 100 UV-Vis spectrophotometer. The UV-vis 
absorption spectra of P3OT/CNT suspension and P3OT solutions were reported in our 
previous study (26). The spectrum of the P3CT shows a broad absorption band with 
maximum absorption wavelength at around 515 nm and a weak shoulder peak around 600 
nm, which is very similar to the previously reported UV-vis absorption spectra of poly(3-
hexylthiophene) (27). Upon mixing with CNTs, the overall baseline of the absorption 
spectrum of P3CT/CNT is increased in comparison to the P3CT solution due to the 
absorption of CNTs in longer wavelength.  
To test our sensors with NMPA, we used a simulant, n-methylphenethylamine 
(NMPEA), which has a chemical structure very similar with NMPA (Figure 4.1b). Figure 
4.2a shows the response of a representative P3CT/CNT sensor to 4 ppb, 8 ppb, 16 ppb and 
32 ppb of NMPEA vapor, which was 0.001%, 0.002%, 0.004% and 0.008% diluted from 
the saturated vapor of NMPEA (395 ppm under 25 °C) (28). The exposure to NMPEA 
vapor lasted 20 s and was followed by a recover period of 40 s. Each concentration of 
NMPEA was introduced to the sensor 3 times to test the reproducibility. Overall, the 
sensor’s response to NMPEA is fast, large, and semi-recoverable (ranging from 10% to 
50%). The sensor shows a clear response at concentrations as low as 4 ppb, indicating a 
limit of detection lower than 4 ppb for NMPEA. Figure 4.2b compares the responses of 
sensors comprised of P3CT/CNT, P3OT/CNT, and nonfunctionalized CNT sensor to 
different concentrations of NMPEA vapor tested simultaneously. The sensitivity of the 
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P3CT/CNT sensor towards NMPEA vapor is more than an order of magnitude greater than 
that of the nonfunctionalized CNT sensors and more than 6 times greater than that of the 
P3OT/CNT. This demonstrated the improved sensitivity of the P3CT/CNT sensor to 
NMPEA due to the carboxylic acid group of P3CT that enables strong binding with amines.  
Selectivity of the P3CT/CNT sensor against other common chemicals is very important 
when the sensor is used in real-life applications. Thus, we tested the P3CT/CNT sensor to 
a number of common volatile organic compounds (VOCs) and water vapor at the 
concentration of 1% of their saturated vapor pressure, as well as, two amines (aniline and 
benzylamine) at the concentration of 0.008% of the saturated vapor. The selectivity of the 
P3CT/CNT sensor draws from two aspects. The first one is the recoverability of the 
response and the second is the sensitivity. Figure 4.3 shows the real-time response profiles 
of a P3CT/CNT sensor to aniline, benzylamine, toluene and ethyl acetate vapors. The 
sensor responds to the two amine vapors and after the exposure, the sensor seems to 
continue to respond but at a slower rate and does not recover. On the contrary, the sensor’s 
responses to toluene and ethyl acetate vapor are fully recoverable (the same as observed 
for other vapors such as acetone, water and ethanol). This is interesting because we can 
simply distinguish amines and other common VOCs by observing the recovery behavior 
of the sensor. Moreover, the sensor also shows significantly higher sensitivity to amines 
than other VOCs. Figure 4.4 shows the responses of the three kinds of sensors to various 
VOCs at the concentration of 1% of their saturated vapor pressure (29) and also, 32 ppb of 
NMPEA vapor. Although the vapor concentration of NMPEA is more than four orders of 
magnitude lower than the VOCs, the P3CT/CNT sensor still shows about one order of 
magnitude higher response to NMPEA compared to its response to the VOCs.  This 
dramatic difference in response sensitivity helps distinguish NMPEA from the common 
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VOCs.    
The mechanism for the high sensitivity of the P3CT/CNT sensor to amines is probably 
a combination of the swelling effect of the conductive CNT network in a nonconductive 
polymer matrix and the intrinsic sensing response of bare CNTs to amines, considering the 
fact that there is always some surface area of CNT free from polymer coverage. The 
intrinsic response comes from the interfacial electron transfer from the electron-donating 
amines to the bare surface of CNT where is not covered by the polymer, which results in a 
decrease of the conductivity of the p-type CNTs. (18) Meanwhile, the swelling process also 
gives a decrease of conductivity when the sensor is exposed to the analytes (28). The 
carboxylic acid group in the P3CT acts as a receptor of amine compounds (24, 30-31) and 
could enhance the interaction between the amine compounds and the sensor materials.  
The nonrecoverable response of the sensors after exposure to amine vapors may come 
from the intrinsic properties of the vapor itself, since they tend to be bound to the surface 
of CNT through charge transfer interaction. Additionally, the carboxylic acid in the P3CT 
may also decrease the recoverability of the sensor after exposure to amine compounds 
because of the acid-base reaction. The semi-recoverability of the P3CT/CNT sensor to 
NMPEA, which is different from the nonrecoverability of other amine compounds, may be 
due to the increased steric hindrance of NMPEA (a secondary amine), which may decrease 
the surface binding strength.  
 
4.4 Conclusion 
In conclusion, efficient sensors of NMPEA were developed by using CNTs 
functionalized with P3CT as the chemiresistive sensing materials. The sensors were made 
by simply drop-casting the P3CT/CNT suspension on the interdigitated electrodes (IDEs). 
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NMPEA was detected at concentrations as low as 4 ppb. The acid-base interaction between 
the amine compounds and the carboxylic acid groups in the polymer may be the reason of 
the extraordinary sensitivity of the P3CT/CNT sensor to amine compounds. The sensor 
was able to distinguish NMPEA from two other amines, various common VOCs. The 
selectivity of our sensor to NMPEA comes from both the recoverability of the sensor after 
exposure to the analytes and the much-enhanced sensitivity to amine compounds. 
 
4.5 Experimental Methods and Materials 
4.5.1 Materials 
Regioregular P3CT and regioregular P3OT were purchased from Reike metals. Carbon 
nanotubes (SG65i, single walled, >95% semiconducting species) were purchased from 
SouthWest NanoTechnologies. All the other chemicals were purchased from Sigma 
Aldrich or Fisher and used as received. Amine compounds used in this study for the vapor 
testing were 99% or higher in their purity. 
 
4.5.2 Device Fabrication Details 
The method of making the P3CT/CNT in dimethyl sulfoxide (DMSO) and P3OT/CNT 
in 1,2-dichlorobenzene (o-DCB) is very similar to the method developed previously in our 
lab (26, 32). Briefly, CNTs were suspended in o-DCB (for P3CT/CNT suspension) or 
DMSO (for P3OT/CNT suspension) with a concentration of 1 mg/mL, followed by 2 h of 
sonication. P3CT was dissolved in o-DCB and P3OT was dissolved in DMSO with a 
concentration of 5 mg/mL. Then, the polymer solution and the CNT suspension in the 
corresponding solvent were mixed with a polymer:CNT weight ratio of 3:1. The mixtures 
were sonicated for 2 h and then diluted into corresponding solvents to achieve a 
87 
 
concentration of CNT of 2.5 µg/mL (estimated) and the diluted suspensions were sonicated 
again for 2 h. The final suspension of P3CT/CNT was purple to pink in color, and was 
darker than the solution with only P3CT in it. The suspension was stable without forming 
aggregates after 3 months while the CNT in DMSO formed aggregations after several days 
(see Figure 4.1c). Overall, the process of making CNT suspensions with P3CT and P3OT 
is simple, reproducible, and cost-effective. 
The process of fabricating sensor devices is the same as we used in our previous study 
(26, 32). Sensors were fabricated by drop-casting the P3CT/CNT suspension or the 
P3OT/CNT suspension onto a pre-patterned interdigitated electrodes (IDEs) (the gap 
between fingers is 80 µm, see section in this dissertation for details of fabrication with 
standard photolithography process in a clean room). The IDE chip was then heated to 
120 °C for 10 min in an ambient environment to remove the remaining solvent. After that, 
the electrical resistance of the IDE was tested. Drop-casting the suspension and drying was 
repeated until the resistance of the device reached 20 – 200 kΩ, forming a thin film of 
polymer/CNT on the IDEs. 
 
4.5.3 Sensors Evaluation Details 
The sensors were tested using a homemade chemical vapor generation and testing 
system. Saturated vapor of analytes other than amine-related analytes (including NMPA, 
aniline and benzylamine) were loaded into a glass syringe in a programmed syringe pump 
(NE-4000 New Era Pump System, Inc.). Amine related analytes were diluted 1000 times 
by volume before loading to the glass syringe. The analyte vapors in the syringe pump 
were pumped into a 100 sccm carrier gas (dry air) at rates of 1.01 sccm, 2.04 sccm, 4.17 
sccm and 8.7 sccm to create analyte concentrations of 1%, 2%, 4%, and 8% of each 
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analyte’s concentration in the glass syringe. The syringe pump was programed to infuse 20 
s of the saturated analyte vapor into the carrier gas with a duty cycle of 60 s in order to 
achieve different diluted vapor concentrations of the analyte. The process was repeated 
three times to examine the reproducibility of sensor response. The diluted vapors were 
delivered to a PTFE chamber with sensors inside. The sensors were wire-bonded to a 
ceramic chip carrier and connected to an Agilent 4156C Precision Semiconductor 
Parameter Analyzer. The sensors were operated at a constant DC bias of 0.1 V and the 
electrical currents were monitored by the semiconductor analyzer. Matlab and Microsoft 
Excel were used to perform the baseline correction and the data analysis. 
 
4.5.4 Definition of Recoverability 
The recoverability is defended as: 
                                      Recoverability = (b-c)/(b-a)*100%                                           (4.1) 
where a, b, c are the sensor’s normalized value as marked in a typical sensor response 
profile shown in Figure 4.5. 
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Figure 4.1 (a) Molecular structures of two polythiophene derivatives (P3OT and P3CT) for 
noncovalent functionalization of CNTs. (b) Molecular structure of NMPA and its analog 
NMPEA which was used in the vapor sensing tests. (c) Photos of P3CT (7.5 µg/mL), 














Figure 4.2 (a) Real-time sensing responses of a P3CT/CNT sensor towards 4 ppb, 8 ppb, 
16 ppb and 32 ppb of NMPEA vapor. The vapor exposure time is 20 s followed by a 40 s 
recovery time. (b) Responses of a P3CT/CNT sensor, a P3OT/CNT sensor, and a non-
functionalized CNT sensor to different concentrations of NMPEA vapor in the same testing 





Figure 4.3 Real-time sensor’s responses to vapors of aniline (64 ppb), benzylamine (74 
ppb), toluene (375 ppm), and ethyl acetate (1244 ppm) from a P3CT/CNT sensor. The 





Figure 4.4 Responses of the P3CT/CNT sensor, the P3OT/CNT sensor, and the non-
functionalized CNT sensor to 20 s vapor exposures of various compounds (1% of saturated 
vapor) and 32 ppb of NMPEA.  Note: the vapor concentration of NMPEA is more than 





Figure 4.5 Real-time sensor response to NMPEA vapor. Arrow-a points to the beginning 
of the vapor exposure. Arrow b marks when the vapor exposure ends. Arrow c points the 














DISSERTATION CONCLUSIONS AND PROPOSED 
FUTURE WORK 
 
5.1 Dissertation Conclusions 
A low-cost, portable, and reliable vapor sensing method is extremely desired for the 
application of explosive and drug detection. CNT-based chemiresistive sensors have 
shown great promise to this application, while technical challenges still exist. One of the 
biggest challenges is the lack of selectivity in order to be used in the complex real-life 
situations. In this dissertation, several functionalization materials for enhancing the 
sensors’ selectivity were explored and studied. Chapters 2 to 4 in this dissertation describe 
different types of sensors and the differential sensing based on them. The sensors can be 
used for the selective detection of nitro-explosives (TNT, DNT, and NT), improvised 
explosive made of ammonium nitrate-fuel oil (alkanes), and methamphetamine. 
In Chapter 2, the CNT sensors functionalize with oligomers were able to distinguish 
TNT vapors from common VOCs, such as acetone, water, and ethanol. The oligomer used 
in this study can facilitate the dispersion of CNTs and enhance the absorption of TNT on 
the surface of them. The dominant mechanism of the sensors is due to the swelling of the 
oligomer on the surface of the CNT network. 
In Chapter 3, the sensors were able to distinguish four different linear alkanes based on 
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their lengths. The polymers we used for functionalize CNTs were P3ATs with three 
different side-chain lengths. It was shown that the sensors coated with P3HTs with longer 
side-chain lengths will react most to alkane vapors similar to the side-chain lengths. By 
comparing the responses from different P3AT/CNT sensors, we can distinguish the lengths 
of the linear alkanes. 
In Chapter 4, the sensors made from CNTs coated with P3CT were able to distinguish 
amine vapors from common VOCs. The sensor’s ability to distinguish amines comes from 
both the carboxylic functional group in the polymer and the different kinetics of the 
sensor’s recovery after exposing to different analytes. Thus, the amplitude of sensors’ 
response and the sensors’ recovery pattern can be used for the selective detection of amine-
related drugs. 
 
5.2 Suggestions for Future Work 
5.2.1 For Fundamental Research 
The following suggestions are recommended for future fundamental researches on the 
vapor detection of explosives and drugs based on CNT sensors: 
1. We have proposed a sensing mechanism which is due to the swelling of the interfacial 
oligomer wrapped on CNTs. Nanoscale morphology changes observed from high-
resolution AFM will be useful to demonstrate this mechanism directly.  
2. A chemometric model that correlates the concentrations of the analytes with the 
responses of the sensors will be helpful for us to further optimize the fabrication 
parameters. Those fabrication parameters include the polymer/CNT ratio, the thickness 
of the thin film, and the type of CNTs used in the study. Note: the CNTs used in our 
study are a mixture of several kinds of CNTs with different chiralities.  
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3. Future work on the alkane sensors can rely on changing the polymer’s side chain length 
or side chain structure from linear to branched, so that we can target on broader sizes 
of alkanes. Alternatively, we may work on changing the side chains of the polymer 
from saturated hydrocarbon ones to unsaturated ones, so that we can target on 
unsaturated hydrocarbon analytes like alkenes. 
4. In Chapter 4, we demonstrated the feasibility to change the functional group of the 
polymer side chain to enable a specific binding to certain analytes (e.g., carboxylic 
group towards amines). Future work along this line can be centered on changing the 
functional group of the side chains from current single carboxylic group to multiple 
carboxylic groups to target on more complicated amines like some drugs. Furthermore, 
we can also change the functional group to be carbazole-related chemicals to target on 
nitroaromatic explosives like TNT.   
 
5.2.2 For Practical Usage and Commercialization 
The following suggestions are recommended for practical usage and commercialization 
on the vapor detection of explosives and drugs based on CNT sensors and beyond: 
1. By improving the fabrication methods for the CNT thin film, we can increase the yield 
of device fabrication and enhance the sensitivity of the sensors. We can further 
optimize the parameters of the current fabrication method, and consider other 
fabricaton methods, such as spray-coating, spin-coating, doctor-blade, ink-printing and 
so on. 
2. Researchers can develop sensors with different substrates, such as plastics, papers, and 
textiles, aiming at wearable sensors, disposable sensors, and sensor stickers.  
3. Researchers can integrate the sensors with wireless communication systems, 
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particularly those controlled by a smart phone. This will definitely make the CNT 
sensors easier to use and secure access to customers. 
4. The appropriate storage methods need to be studied as well to ensure the stable sensor 
performance and the extended lifetime of the sensors, which is a common issue for 
almost all the electrical sensors since a lot of environmental facts (such as humidity, 
temperature, and oxygen in the air, etc.) may affect the sensors’ performance. This is 
extremely important for the noncovalently functionalized CNT sensors, since the 
performance of those devices degrade with time relatively faster than the covalently 
functionalized CNT sensors. 
5. The calibration methods will be useful for minimizing device-to-device differences. 
The calibration will be required just after the fabrication of sensor devices, and required 
before the use and before the re-use of the devices. 
6. The standards for validating sensor devices’ performance and properties are highly 
desired. Since different research labs are testing their sensors using different methods 
(e.g., different flow rates and different exposure times), it’s difficult to compare sensors 
between different research labs. Thus, a standard protocol for sensor testing and a 
shared database of the testing results will provide people with a better understanding 
of the sensors’ performance comparing with other similar counterparts. 
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